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A dileucine-based protein sorting motif has recently been identified within the C-terminal, solvent-exposed loop of HIV-1
Nef and has been shown to be required for Nef-mediated down-regulation of CD4 and for optimal viral infectivity. Here, we
report that mutation of the dileucine motif has no effect on Nef-mediated down-regulation of class I MHC heavy chain.
Instead, deletion of an acidic domain just N-terminal of the polyproline helix of the SH3-binding domain significantly impairs
this function. These data indicate that down-regulation of class I MHC and CD4 are mechanistically distinct processes. The
data also suggest that protein interactions mediated by the acidic domain, rather than by the dileucine motif, may contribute
to this function of Nef. © 1999 Academic Press
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tIntroduction. The Nef protein of primate lentiviruses
own-regulates the surface expression of at least two
ellular proteins, CD4 and class I MHC heavy chain (1, 2).
o modulate their expression, Nef influences the traffick-
ng of these proteins, both enhancing their endocytosis
nd directly targeting newly synthesized molecules to
he lysosomal–endosomal system (3, 4). To influence
rotein trafficking, Nef interacts directly with the cellular
orting machinery. Both in vitro binding assays (GST-
ased) and yeast two-hybrid assays indicate that HIV-1
ef interacts with the m subunits of the adaptor protein
AP) complexes (4, 5); these complexes link clathrin to
oated vesicles and recruit transmembrane proteins into
he vesicles (6). The interaction of Nef with the m chain of
P-1 complexes (which are found on vesicles in the
erinuclear region and which mediate transport between
he trans-Golgi and the lysosomal–endosomal system)
as been mapped using yeast two-hybrid assays to a
olvent-exposed, unstructured loop near the C-terminus
f Nef (4). This loop has recently been shown to contain
dileucine-based sorting motif, typical of those found in
he cytoplasmic domains of cellular transmembrane pro-
eins that are efficiently endocytosed and/or sorted to
ysosomes (7–9). In accordance with the hypothesis that
his motif mediates the interaction of Nef with the sorting
achinery, the dileucine motif is required for Nef-medi-
ted down-regulation of CD4 (7–9). Here, we show that
1 To whom reprint requests should be addressed. Fax: (619) 552-
o445. E-mail: jguatelli@ucsd.edu.
203he dileucine motif is not required for down-regulation of
lass I MHC, indicating that this function of Nef is mech-
nistically distinct from CD4 down-regulation. We con-
irm the recently reported role of an acidic domain in Nef
or MHC down-regulation (10), suggesting the possibility
hat this region may mediate a distinct interaction with
he sorting machinery through which Nef affects the
xpression of MHC.
Results. We used proviral plasmid vectors to express
IV-1 transiently in 293 cells and measured the expres-
ion of endogenous HLA-A2 using flow cytometry. The
ells were cotransfected with a vector expressing the
reen fluorescent protein (GFP) to allow analysis of the
ubset of successfully transfected cells. The results of an
nitial experiment as obtained by two-color flow cytom-
try are shown in Fig. 1. For the successfully transfected
ells (the GFP-positive population), expression of the
ild-type provirus reduced the surface intensity of class
MHC expression by 56% (from a mean of 116 to 51
luorescence units). A nef-negative provirus reduced the
urface intensity of class I MHC expression by only 7%
from a mean of 116 to 108 fluorescence units); this
ndicated that 87% of the down-regulation of class I MHC
aused by the complete viral genome was due to nef.
A mutant that encodes alanine substitutions in place
f the consecutive leucines in the dileucine-based sort-
ng motif in the Nef C-terminal loop (L164A/L165A) was
henotypically wild-type in this assay (Fig. 1); this con-
rasts with its completely defective phenotype in assays
f CD4-downregulation (7–9). In contrast, a mutant (D62-
0042-6822/99 $30.00
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204 RAPID COMMUNICATION8) that encodes an in-frame deletion encompassing an
cidic stretch (a run of four glutamic acid residues from
ositions 62 to 65) just N-terminal of the proline-repeat
egion of the SH3-binding domain of Nef was impaired in
own-regulation of class I MHC (Fig. 1); this mutant
etained only 19% of nef-related activity in this experi-
ent (calculated as the mean fluorescence intensity
MF) of the Nef-negative control minus the MF of the
utant, divided by the MF of the Nef-negative control
inus the MF of the wild-type). A mutant that encodes
lanine substitutions in place of the central prolines in
he SH3-binding domain (P72A/P75A) was minimally im-
aired in down-regulation of class I MHC, retaining 78%
f nef-related activity in this experiment (Fig. 1).
To validate and extend these observations, we tested
hese and additional mutants using two submaximal
oses of the proviral vectors in the transfections (Fig.
A). We measured p24 output as an indicator of the
fficiency of proviral gene expression (Fig. 2B), and we
ssessed the expression of the Nef proteins by immu-
oblot (Fig. 3). These data confirmed that the mutant
62-68 was significantly impaired in its ability to down-
egulate class I MHC, retaining only 29–37% of Nef ac-
ivity; this defect was not attributable to reduced proviral
ene expression or reduced expression of Nef protein.
he SH3-binding mutant P72A/P75A was minimally im-
aired, retaining 56–97% of Nef activity. The mutant
FIG. 1. Down-regulation of class I MHC heavy chain induced by com
ere transfected with proviral plasmids (5 mg) plus a GFP expressio
ntibody to class I MHC subtype A2, and analyzed by two-color flow
luorescence intensity is on the horizontal axis. The gates for MHC-po
nder Materials and Methods. The mean PE (MHC) intensity for the GF
Wild-type” is the parental pNL4-3 plasmid. “Nef-negative” is the plasm
n the 59 terminus of the nef gene (17 ). “Mock” indicates the use of 554-57 [a mutant of the protease cleavage site/putative nD4-binding domain (11, 12)] was also minimally im-
aired. The mutants E160A and L164A/L165A, which con-
ain substitutions within the EXXXLL consensus sorting
otif (13), were phenotypically wild-type.
Discussion. To date, only a single study has surveyed
he genetic determinants of Nef-mediated down-regula-
ion of class I MHC (10). These published data indicated
requirement for an acidic region near the polyprolines
f the SH3-binding domain, a requirement for the central
rolines in the SH3-binding domain, and a partial re-
uirement for an aspartate residue (D86) within the SH3-
inding domain. Acidic residues within the C-terminal,
olvent-exposed loop of Nef (174–175 and 177–179) and
esidues at the protease cleavage/putative CD4-binding
ite (57–59) were not required. The precisely converse
esults were reported for these mutants with respect to
own-regulation of CD4 (14), suggesting that these func-
ions of Nef are distinct mechanistically.
Here, we extend these observations by reporting that
he dileucine-based sorting motif present in the C-termi-
al loop, the only protein sorting signal so far identified
n HIV-1 Nef (7–9), is dispensable for down-regulation of
lass I MHC. This result confirms a recently published
inding and emphasizes the mechanistic distinction be-
ween down-regulation of class I MHC and CD4 (8, 10).
e also confirm the importance of the acidic domain
iral genomes encoding mutations in the nef gene. The 293 cells (106)
r (0.5 mg), stained 72 h later using a phycoerythrin (PE)-conjugated
try. PE (MHC) fluorescence intensity is on the vertical axis, and GFP
nd GFP-positive cells were determined using the controls described
tive cells is indicated numerically in the upper right for each analysis.
, a proviral mutant which encodes two premature termination codons
rrelevant DNA (psp6/T719; BRL) instead of a proviral plasmid.plete v
n vecto
cytome
sitive a
P-posi
id pDSear the polyprolines, deletion of which caused a sub-
s
t
o
d
d
a
t
t
t
m
h
h
N
o
b
w
t
t
m
A
q
i
M
(
m
i
a
N
c
d
d
t
w
M
(
t
t
p
c
s
i
i
t
p
I
a
r
t
d
s
t
t
c
c
b
v
F
p
t
i
(
g
(
a
s
c
c
205RAPID COMMUNICATIONtantial loss of Nef activity with respect to down-regula-
ion of class I MHC. However, we did not observe an
bligatory role for the central prolines of the SH3-binding
omain; mutation of these residues had only a modest
etrimental effect on down-regulation of class I MHC.
Down-regulation of class I MHC by Nef has been
ssociated with retention of class I heavy chain in the
rans-Golgi region, where its distribution overlaps with
hat of the AP-1 clathrin adaptor complex (4). This finding,
ogether with the observation that HIV-1 Nef binds to the
edium subunit of AP-1 (ml) in vitro, has led to the
ypothesis that Nef may directly sequester class I MHC
eavy chains in this subcellular region. The interaction of
ef with ml in vitro appears to map to the C-terminal loop
f Nef protein (4), and this region contains the dileucine-
ased protein sorting motif (7–9). If the dileucine motif
FIG. 2. Down-regulation of class I MHC heavy chain induced by
omplete viral genomes using two submaximal plasmid doses. The 293
ells were transfected with either 0.5 mg (open bars) or 2.0 mg (solid
ars) of the indicated proviral vectors (as well as the GFP expression
ector) and then analyzed by two-color flow cytometry as described in
ig. 1. (A) The mean PE (MHC) fluorescence intensity for the GFP-
ositive cells is shown for each mutant; nomenclature is the same as
hat in Fig. 1. (B) The concentration of p24 Gag antigen was measured
n the supernatants of each culture of transfected cells using an ELISA
Coulter). This allows comparison of the relative efficiency of proviralrene expression in each of the cell populations analyzed in (A).ere the sole mediator of the Nef–ml interaction, and if
his interaction were essential to receptor down-regula-
ion, then the dileucine motif should be required for the
odulation of expression of both CD4 and class I MHC.
s predicted in this scenario, the dileucine motif is re-
uired for down-regulation of CD4 (7–9). Unexpectedly, it
s completely dispensable for down-regulation of class I
HC. At least two possibilities could explain this result:
1) the effect of Nef on down-regulation of class I MHC
ay be indirect, such that the interaction of Nef with ml
s not required, or (2) the dileucine motif may be dispens-
ble for the interaction of Nef with ml; another region in
ef may direct the interaction with ml or with another
omponent of the cellular sorting machinery to mediate
own-regulation of class I MHC.
One possibility for another region in Nef that could
irect such an interaction is the acidic domain just N-
erminal of the SH3-binding domain. This acidic region,
hich is required for efficient down-regulation of class I
HC, might function as an “acidic cluster” sorting motif
15). Such motifs are sufficient for localization of proteins
o the trans-Golgi region, and recent data suggest that
hey mediate binding to a novel family of vesicle coat
roteins designated “PACS” (16). However, most acidic
luster sorting motifs contain serine residues that are
ubstrates for phosphorylation, and no such serines are
n close proximity to the acidic residues in Nef that are
mportant for down-regulation of class I MHC. In addi-
ion, deletion of these residues did not abrogate com-
letely the contribution of Nef to down-regulation of class
MHC. Consequently, the mechanistic role of these
cidic residues remains to be determined. Nevertheless,
esidues 59–70 have been characterized by NMR spec-
roscopic data as highly mobile and of relatively poorly
efined structure in solution (12); these observations
uggest that the acidic region is not well-folded within
he structure of Nef and might participate in an interac-
ion with another protein.
In conclusion, it is apparent that Nef-mediated down-
FIG. 3. Expression of Nef proteins assessed by immunoblot. Cells
5 3 104) harvested after transfection with 2 mg of proviral plasmid and
nalyzed in Fig. 2 were also analyzed by immunoblot using an anti-
erum to Nef as described under Materials and Methods. This allows
omparison of the relative efficiency of Nef expression in each of the
ell populations analyzed in Fig. 2.egulation of class I MHC is mediated by sorting path-
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206 RAPID COMMUNICATIONays distinct from those that mediate down-regulation of
D4 and optimal viral infectivity. The latter two Nef func-
ions operate through a sorting pathway that recognizes
ileucine-based motifs (7), while down-regulation of
lass I MHC does not operate through this pathway but
ay utilize a sorting pathway that recognizes acidic
equences.
Materials and Methods. Plasmid constructions. Muta-
ions were introduced into the nef-coding sequence us-
ng an overlap PCR method and then either inserted
irectly into the pNL4-3 proviral clone using the XhoI and
mlI sites within the nef sequence or first inserted as
omplete nef sequences into the vector pCIneo (Invitro-
en), followed by subcloning into pNL4-3 using the XhoI
nd PmlI sites. In both cases, nef sequences created by
CR were verified in their entirety by nucleotide se-
uence analysis. The proviral mutants DS, D54-57,
160A, and LL164/165AA have been described previ-
usly (7, 17, 18). The proviral mutant PA1 was provided by
alle Saksela and was the construct used to express Nef
ontaining the P72/75A mutation (19).
Cell Transfections. The 293 cells were transfected us-
ng calcium phosphate/DNA coprecipitation using the
eagents and methods of the Cell-Phect kit (Pharmacia).
ransfections included proviral plasmids, as well as a
FP expression vector, phGFP-S65T (Clontech), to allow
dentification of the successfully transfected cells.
Flow Cytometry Assays. Cells were analyzed 3 days
fter transfection by antibody staining and two-color flow
ytometry. Cells were removed from the plates with 0.5
M EDTA in PBS, washed, and then stained using a
:200 dilution of phycoerythrin (PE)-conjugated mAb to
lass I MHC subtype A2, which was provided by David
amerini, for 1 h in the presence of 0.1% azide. Following
ashing, the stained cells were fixed in 1% paraformal-
ehyde and then analyzed by two-color flow cytometry.
ells stained with anti-class I MHC but not transfected
ith the GFP expression vector were used to set the gate
or GFP-positive cells, and cells transfected with the GFP
xpression vector and stained with a PE-conjugated an-
ibody isotype control were used to set the gate for
HC-positive cells.
Western Blot. Aliquots of transfected cells were ana-
yzed for expression of Nef by immunoblot, using a sheep
ntiserum to Nef and an ECL detection system (Amer-
ham) as described previously (20).
ACKNOWLEDGMENTS
We thank Dr. David Camerini for providing the PE-conjugated anti-
ody to HLA-A2; Dr. Kalle Saksela for providing the pNL4-3-derivative
utant PA1; and Dr. Celsa Spina for providing Nef-specific antiserum.
e also thank Phillip Dao, Jose Vega, Judy Nordberg, and Michelle Lutz
or technical assistance and Mark Biedermann, Darica Smith, and
haron Wilcox for administrative assistance. This work was supportedy grants from the National Institutes of Health (AI38201) and from the
niversitywide AIDS Research Program of the University of California;
y the UCSD Center for AIDS Research (AI36214); and by the Center for
IDS and HIV Infection of the San Diego Veterans Affairs Medical
enter.
Note added in proof. During the review of this manuscript, another
urvey of the determinants of MHC-I down-regulation by Nef con-
irmed the dispensability of the dileucine motif (Mangasarian, A.,
iguet, V., Wang, J. K., and Trono, D. (1999). Nef-induced CD4 and
ajor histocompatibility complex class I (MHC-I) down-regulation
re governed by distinct genetic determinants: N-terminal alpha
elix and proline repeat of Nef selectively regulate MHC-I traffick-
ng. J. Virol. 73, 1964–1973).
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